B AND L VIOLATION AND
BARYOGENESIS

A.D. Dolgov

ITEP, 117218, Moscow, Russia
INFN, Ferrara 40100, Italy

September, 20-22, 2007
LBL, Berkeley

International Workshop
“Search for Baryon and Lepton
Number Violations”



It is established that neither B nor
Le .+ are conserved. Quite possibly

is nonconserved as well.

However, the data came mostly from
the sky and from low energy neutri-
nos, solar and reactor.

Proton decay, nn oscillations,

p — e~, etc must exist but not (yet)
discovered.



Probably the only remaining conserved
charge is electric, Q).

But if the photon has even a tiny mass

the cosmological electric asymmetry

must be non-zero, i.e. the universe

must be electrically charged, even if

(Q is conserved.



WHY WE ARE SURE THAT
B AND L
ARE NOT CONSERVED?



It is easy to break B and L conserva-
tion theoretically.

Anything not forbidden is allowed and
must exist.



Experimentally verified EW theory pre-
dicts non-conservation of B and L

but effects are extremely, exponen-
tially, weak in particle physics.

NB: (B — L) is conserved.

EW non-conservation of (B+L) might
be significant in cosmology at high tem-
peratures, 1T' > TeV.



GUTs break B and L.

In the simplest SU(5) version (B — L)
is conserved, but broken in SO(10).
Large GUT scale, ~ 101%, GeV makes
B and L nonconservation in particle
physics practically unobservable.



More important than theory:

baryon nonconservation is established
experimentally.

Astronomy proves that!



Half a century ago:
“we exist, so baryons are conserved”.

Now:
“we exist, so baryons are not forever”.



Cosmological arguments proving baryon
nonconservation.

I. Inflation is an “experimental” fact:
1. It explains the origin of expansion.
2. It solves the problems of homo-
geneity, isotropy, flatness and
predicts {2 = 1.

3. Makes density perturbations with
the observed spectrum.
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II. Inflation is impossible with con-
served baryons. Otherwise energy den-
sity associated with B would evolve
as

pp~1/ at.
Hence p¢ot could be approximately con-
stant at most during 4-5 Hubble times,
because pp =~ 10_9pt0t at QCD p.t.

To create our universe we need at least
60 Hubble times, a ~ €99.
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Thus we know that neither B and,

probably, nor L are conserved.

Three possibilities:

1. B-nonconservation manifests itself
only in cosmology to create cosmolog-
ical baryon asymmetry and is negligi-
ble in particle physics. Frustrating.
2. Efficient baryogenesis demanding
that observable processes in particle
physics are almost at hand. Excit-
ing!

3. Somewhere between two extremes
above. Stimulating.
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OBSERVATIONS:
1. Baryon asymmetry is non-zero:
Bp=Ng/Ny=6-10"1Y

Large fluctuations of 3 at small scales
and even B < 0 (antimatter) are al-
lowed theoretically and observation-
ally.
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2. Lepton asymmetry, not yet ob-
served, may be non-zero and even large:

This limit is from BBN because of
LMA solution. If neutrinos are cou-
pled to majoron, 37, ~ 1 is allowed.

Theoretically natural: 37 ~ B but
much larger 37, is possible if created

below EW p.t.
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3. Electric asymmetry is usually as-
sumed to be identically zero due to:
1. Conservation of electric current.
2. Zero photon mass and long range
Coulomb force.

Observational bounds are very strong,
B < 10~%° but maybe questionable.
If m~ # 0, electric asymmetry must
be nonvanishing.
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The only measured, and quite accu-
rately, asymmetry is the baryonic one.
At the time of Sakharov’s work (1967):
Bp = 1079%L

now: Bg = (5.5+1)-10"7.
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Popular scenarios of baryogenesis:

1. GUT, probably not operative be-
cause T ~ 1019 GeV was not reached
after inflation. Gravitino problem.

2. Electroweak in MSM, excluded due
to 2nd order phase transition and ex-
tremely weak CP-violation. Exten-
sion of MSM is necessary.

3. Baryo-thru-lepto. May work.
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All three most popular scenarios do
not predict observable proton decay
and neutron-antineutron oscillations.

Baryogenesis at low temperatures with

observable effects in particle physics
is wanted.
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Sakharov’s conditions for generation
of cosmological charge asymmetry:

1. Charge nonconservation.
2. C and CP violation.
3. No thermal equilibrium.

None is obligatory. E.g. baryoge-
nesis through BH evaporation with
8N’JB - .

19



BARYOGENESIS IN LOW SCALE
GRAVITY.

Advantages:

1. Easy breaking of equilibrium.

2. Possibility of stronger CP-violation.
3. Naturally large B-nonconservation.
4. Observable effects in particle physics.
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Two mechanisms for TeV gravity:

1. Gravity lives in high dimensions,
while matter lives in D = 4. Unifica-
tion at EW?

2. Time variation of m p; due to cou-
pling £ Rp?. Initially all in EW scale.
Exponential or similar potential for ¢
is necessary.
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High dimensional TeV gravity: strong
nonconservation of global quantum num-

bers. Proton decay (Zel’dovich, 1976),
three quarks form a black hole:

5] 4
Tp ~ My /M py
For mp; = 1019 GeV Tp ~ 104 years
But if mp; ~ TeV, 7 ~ 10~ 11 s,

Similar problems for 4 — e~ and other
rare decays.
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Search for efficient low temperature
baryogenesis scenarios with observ-
able consequences for experiment,
but without contradiction to existing
bounds: long-lived proton, not too fast
neutron-antineutron oscillations, etc.
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SUSY with broken R-parity
(conservative possibility)

A.D., F. Urban, Nucl. Phys. B752
(2006) 297-315.

Enumerate possible operators, present
experimental bounds and see what can
be done with those still allowed.
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Baryogenesis through B-nonconserving
decays of SUSY particles

If MSUSY is small, MSUSY ~ TeV,
deviations from thermal equilibrium
are negligible:

H Msusy ;414
I aInp]

For large Mgyrgy > 1010 GeV,
particle physics effects are very weak.
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Possible solution: TeV gravity.
Higher dimensions may lead to too
strong non-conservation of B and L
in particle physics, if no mechanism
for suppression is invented.

Time variation of G may be OK.
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Some R-parity -violating operators:
1 :op /. — -
Ling =~ AR (G dy df + dif m; df+
df 4;df) + h.c.

Non-conserved B and conserved L, al-
lows for efficient baryogenesis and neu-
tron oscillations, without proton de-
cay.
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Experimental constraints (from nuclear
stability):

A112 < 107°, Ay13 < 1077,

while others could be well above unity.
A112 leads e.g. to n=E - transforma-
tion. To make nn oscillations out of
it a AS =2 process is necessary. It
is strongly suppressed in MSM (ab-
sence of strangeness changing neutral
currents) but not so much in MSSM.

28



Hierarchy of constants may be related
to that of quark masses(?).
In these frameworks is natural to ex-
pect

r(n —7) ~ 10 sec
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More exotic possibility: classical black
hole conjecture, baryogenesis and rare
processes.

C. Bambi, A.D., K. Freese,
Nucl. Phys. B763 (2007) 91;
JCAP 0704 (2007) 005.
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How unwanted processes with
AB # 0 and AL # 0 can be sup-
pressed?

1. Higher scale gravity, mp; > TeV.
2. Forbid easy formation of charged
and spinning BH in low scale gravity.
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In classical GR charged and rotating
BH may be formed only if

M 2 4
( BH >Q—I—JQ+J2
mpj

2

If Mpg < mp;, BH must be neutral
and non-rotating. Mixture of classical
and quantum pictures.
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ALARM:

Non-covariant perturbation theory with
positive energy of virtual black hole
states.

No crossing symmetry.

No Lorentz invariance?

No CPT?
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More about baryogenesis in TeV grav-
ity:

1. Easy baryon non-conservation.

2. Large deviation from equilibrium.

3. Large CP-violation in MSM.
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CP-breaking in MSM:

ecp ~ (mi — m2)(mi — m2)(m2 —m3)
(m§ — m2)(m§ — m3)(m3 — m3) (J/T?)

where
J = sinfBi9s51nby3s1nbi3stno =~ 3 - 10°.
Thus ecp ~ 10719 for T ~ 100 GeV.
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With TeV gravity, baryon nonconser-
vation might be significant at

T < 10 GeV and CP-violation might
be 1012 stronger.

If one allows for variation of quark
masses, such that they were large at
TeV scale, CP-violation would be un-
suppressed.

Baryogenesis looks very efficient at rel-
atively low T'.
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CONCLUSION.

1. Low scale gravity allows for an ef-
ficient baryogenesis.

2. In conservative SUSY model with
broken R-parity successful baryoge-
nesis may proceed with (practically)
stable proton and with noticeable
neutron-antineutron oscillations.
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3. The classical black hole conjec-
ture makes compatible TeV gravity
and low probability of B and L non-
conserving processes.

4. The probability of such rare pro-
cesses as p-decay, nn oscillations,

pu — ey, p — 3e decays can be quite
close to existing experimental limits.
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